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ABSTRACT

Investigation of the structure of a shock wave provides an excellent

opportunity for studying the dissipation processes in collision-free plasmas.

The thickness of collision-free shock waves was previously obtained from

measurements of the light emitted by the plasma in a magnetic annular

shock tube. The magnitude of the shock thickness, and its Mach number

and. density dependence were in agreement with a theoretical estimate based

on the concept that the required dissipation in the shock is produced by non-

linear interactions between magnetohydrodynamic waves.

Further confirmation of these results has been obtained. A. Meas-

urements of the magnetic field have shown that the magnitude of the field

change across the shock agrees with that expected from the conservation

equations. Also the distance over which the field changes agrees with the

previous shock thickness measurements. B. The electron temperature was

estimated to be above 10 electron volts based on the ultraviolet radiation

intensity and the ratio of bound-bound and free-free radiation. C. Meas-

urements of the heat transfer from the plasma to the shock tube wall indi-

cates that less than 1/10 of the gas energy is dissipated to the walls; thus,

there is good containment of the shock heated plasma for a time large (50

times) compared to the shock rise transit time.

The results of these experiments show that the collision-free thick-

ness is inversely proportional to the Alfven Mach number of the shock. The

radiation emitted by the shock heated plasma has been measured over a

large range in plasma density; these results, together with those for the

magnetic field jump across the shock, show that the performance of the

MAST can be predicted by a theory which assumes infinite plasma conduc-

tivity.
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INTRODUCTION

The objective of the experiments described in this paper is to create
1,2,3

a magnetohydrodynamic shock wave which produces a plasma in which

1) the collision mean free path is longer than any length in the apparatus,

2) the ion cyclotron radius is small compared to the size of the container,

3) the plasma behind the shock is completely ionized, and 4) the plasma

energy density is of the order of the magnetic energy density. A laboratory

experiment which produces this plasma requires a magnetic field strength

of the order of 10 to 20 kilogauss, a particle density of the order of 1015
36

particles per cm , and a temperature of the order of 10 6K. A completely

ionized gas is required with high kinetic temperatures; thus, hydrogen was

chosen as the working fluid, because the simple structure of this atom per-

mits complete ionization at relatively low energies per particle. A tem-

perature of 10 6 oK generated by a shock wave requires a very high shock

speed. Therefore, magnetic fields were used to furnish the driving force

and containment of the shock heated plasma.

The requirements of magnetic containment and a constant driving

force through a uniform channel led to the development of a magnetic annu-

lar shock tube, MAST (see Fig. 1). Details of its operation are presented. 4,5

The container for the working gas is formed by the annular space between

two concentric cylinders.6 ' 7, 8 The driving force which produces the shock

wave is furnished by the azimuthal magnetic field due to radial currents in

the annulus. These radial currents are created by discharging a capacitor

bank connected to the electrodes. When the gas between the electrodes

breaks down, the capacitors are discharged through the gas and this provides

the radial drive current. The space between the two cylinders was evacuated,

and during the experiments hydrogen was allowed to pass through an annular

passage around an insulating spacer between the electrodes and through the

annulus to a pumping system. This flow system provided a means of ob-

taining a low impurity level (500 parts per million).

For all the experiments described in this paper, there was an initial



MAST
DRIVE CURRENTS

COIL STEOCK

APACITORBN

Fig. 1 This is a cross sectional view of the MAST. The drawing is not to
scale. The BX coils consist of two concentric solenoids denoted by
the small circles. The B0 bias field is produced by a current in
the conductor along the axis.
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magnetic bias field ahead of the shock composed of both an azimuthal com-

ponent, Be , and a sniall axial component, B x . The bias fields were fur-

nished by two coil configurations shown in Fig. 1. The magnitude of Be 1

was sufficient to cause a hydrogen ion moving with the same velocity as the

shock to have a gyro-radius that is smaller than the channel width (i. e. ,

annulus spacing). This is an experimentally determined criterion4 for ob-

taining high speed shocks in excess of 2. 5 x 107 cm/sec.

In order to experimentally establish the existence of high speed

shocks, measurements were made of the shock velocity, the plasma density
3

and magnetic field jumps across the shock, and heat transfer to the side

walls behind the shock. The measurements of the shock velocity and plasma

densities have been reported previously4 and these results agree with the

theoretical values 5 based on the measured drive magnetic field intensity and

conditions ahead of the shock. Recently, the change in tl-e magnetic field

has been measured with a new type of flux coil. These measurements

verify that there is a compression of the magnetic field across the shock

which checks the calculated value 5 and also gives shock thickness in agree-

ment with the radiation results reported previously. Furthermore, a new

type of heat transfer gauge has been developed 3 which has a sufficiently fast

response time to measure the wall heat transfer due to the shock heated

plasma during the experimental test time ( to 2 sec). The heat transfer

measurements show that about 90% of the plasma energy is contained which

verifies the use of the energy conservation across the shock.

The shock waves described in this paper are propagating into room

temperature hydrogen. The energy invested in dissociation and ionization

to completely dissociate and ionize hydrogen is 7. 5 electron volts per parti-

cle. This is to be compared to an enthalpy of over 500 electron volts per

particle behind the shock. The ionization process can play a role only in

the front portion of such high speed shock waves, since the dissipation energy

necessary to cause the jump conditions is much larger than the ionization

energy. The major portion of the shock structure must involve a mechanism

which is much more energetic than an ionization process.
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Experimental Results

MAST Development: Recently, some modifications have been made

to the MAST which have improved its performance. A larger MAST with a

mean diameter of 30 cm has been constructed with a channel spacing equal

to 2. 1 cm and a 1.5 meter useful length. The ratio of the channel width to

the mean radius is equal to 0. 14 for the 30 cm MAST compared to a ratio of

0.30 for the 15 cm MAST. The two concentric cylinders which form the

annulus have been constructed of stainless (non-magnetic) steel, instead of
4

glass with mylar and brass liners. The stainless steel wall is in contact

with the plasma. Higher energy densities in the shock heated plasma can be

attained. The two concentric electrodes (Fig. 2) are insulated from the

stainless steel channel walls by thin layers of mylar. The mylar sleeves

extend about 3 mm beyond the electrodes. The gas in the vicinity of the

electrodes is preionized before the main drive field switch is closed. This

preionization is accomplished in two steps; the first is due to a relatively

low current radial discharge between the electrodes due to a radial electric

field, E r . The second stage is an induced azimuthal discharge due to a

large oscillating azimuthal electric field, Ee .

The first stage of the preionization is accomplished by discharging

a small capacitor across the annulus between the electrodes. The current

from this discharge is critically damped and has the same sign as the cur-

rent from the main discharge, that is, the cathode is the center electrode;

the anode is the outside electrode. The total maximum current from this

radial discharge is of the order of 100 amps; and the time required to reach

current maximum is about 0. 31sec. This current is sufficiently low to

prevent large body forces acting on the ionized hydrogen plasma which would

propel the ionized plasma away from the electrodes before the main dis-

charge can take place.

Within 0. 4
A sec after the E breakdown, a 500 MApf capacitor is dis-r

charged through a three turn Ee coil which is embedded in the lucite sepa-

rator between the electrodes. The frequency of this discharge is of the

order of 10 7 cycles per second and the oscillating voltage on the coil during

the discharge is approximately 105 volts. This oscillating curr.ent in the
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F STAINLESS STEEL WALL

Fig. 2This is a cross sectional view of the electrode configuration in the

MAST. The drawing is not to scale. The electrodes are insulated
from the two stainless steel cylinders which make up the MAST

walls by thin sheets of mylar. The Ee coil is connected to a small

(500 / /zf), high voltage (100 kv) capacitor through leads which pass
through the lucite separator between the electrodes.

-5-
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coil induces an azimuthal electric field, Ee , between the electrodes which

is sufficiently strong to break down the hydrogen gas in the vicinity of the

coil around the annulus. Within I sec after the initiation of the E r discharge,

the main bank switch is closed.

This empirically determined procedure produces a uniform discharge

from the main bank around the annulus at the electrodes. This is the best

technique we have developed to date, to produce a uniform shock which pro-

pagates at the velocity predicted 5 from the conservation equations and the

initial conditions in the shock tube. It must be pointed out, however, that

this procedure does not produce a shock with the theoretical 5 velocity every

time the tube is discharged. It is felt, at the present time, that our incon-

sistent results are due to the lack of control of the breakdown processes

across the annulus downstream from the electrodes.

Shock Velocity: The shock velocities have been determined by meas-

uring the time interval between the arrival of the shock at several axial sta-

tions. The shock was identified by the onset of plasma radiation, and more

recently, by the magnetic field change across the shock and the onset of

plasma heat transfer to the side walls. These new results give shock ve-

locities in agreement with the radiation results and further verify the use of

the momentum equation to predict the shock velocities.

Density Ratio Across Shock: The plasma density behind the shock

waves has been obtained by measuring the intensity of the radiation emitted

by the shock heated plasma, Fig. 3. Plasma radiation emitted in the direction

normal to the shock tube axis was observed. Quartz windows (1. 27 cm dia-

meter) were aligned flush with the inside wall of the outer tube. Radiation

with wave lengths between 3750A and 6600A was measured with a photo-

multiplier interference filter system having a bandwidth of about 80A. In

addition, a spectrograph consisting of two quartz lenses and a water prism

was used, for measurements from 3400A to 4400A. Ultraviolet radiation

from about 300A to 1200A was also measured with a tungsten photoelectric

detector. 10

It has been shown 4 that the visible radiation emitted by the shock
2

heated plasma is proportional to Ne , where N e is the electron density.
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LIGHT INTENSITY

Ii,

- -0.5F sec
TIME -*

Fig. 3 This oscillogram was obtained by monitoring the plasma radiation
at 4400A; the vertical deflection of the trace is proportional to light
intensity. The sudden onset of radiation marks the arrival of the
shock at the viewing station.
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This intensity is due predominantly to free-free radiation for electron tem-

peratures above 10 ev. The experiments reported previously were carried

out for low initial pressures in a MAST, where the final equilibrium energy

per particle behind the shock is large compared to the energy necessary to

ionize and dissociate the hydrogen. Recently, the range of initial gas pres-

sure has been extended to include conditions behind the shock where the en-

ergy per particle is not large compared to the ionization energy. A summary

of these results showing the measured radiation at 4400A is given in Fig. 4.

These experiments were carried out with a value of the ratio B 1 /B 0 equal to

0.4 (where B 1 and B 0 are the magnitudes of the magnetic fields ahead of the

shock and behind the drive currents, respectively), so that the Alfven Mach

number, MA) (shock velocity divided by the Alfven velocity ahead of the

shock) was 2 and the density ratio across the shock was 2. 2.

For these conditions the radiation for p1 below 200p is due predom-
11

inantly to free-free transitions. For higher initial pressures, free-bound

radiation 1 2 makes a significant contribution and must be taken into account.

The calculated curve for the intensity was based on equilibrium conditions

behind the shock. The drop in the calculated curve for p, greater than 4001A

is due to incomplete ionization behind the shock.

These results show that within the scatter of the data the measured

radiation agrees with the expected value up to 800M. For p1 greater than

800p the calculated plasma conductivity is low enough to allow the magnetic

field to diffuse from the interface to the shock during the test time. This

indicates that the assumption of infinite conductivity in the shock for p1

greater than 8 0 0 ,u is no longer valid.

It should be noted that for low initial pressures the experiments

agree with the theoretical prediction and that for these conditions the radi-

ation measurements furnish a good determination of the electron density

behind the shock.

A B Measurements: The change in the magnetic field across the shock
9,13

was measured with small single turn coils , see Fig. 5, that were in-

serted through the outer wall and centered in the annulus. The diameter of

the coils ranged from 0. 4 mm to 7 mm; the wire size from 0. 085 mm to

0. 25 mm. Both insulated and bare coils were used. The output of the

-8-
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ENCLOSED COIL COAXIAL CABLE 1 mm 3mm

COIL QUARTZ TUBING

SINGLE TURN COIL EGLASS TUBING

INSULATED COIL D COAXIAL CABLE 2MM

L_.EPOXY RESIN SEAL

FORMVAR INSULATION

GGLASS TUBING TRANSFORMER
BARE COIL /n_ . .4 .. .

INDUCTIVELY COUPLED D COAXIAL CABLE
GLASS STING ........ 

T EPOXY RESIN SEAL
/ - 2mm

BARE TUNGSTEN OR COPPER WIRE

STAINLESS STEEL TUBING TRANSFORMER
BARE COIL

WITH CONDUCTING STING DI-
TUNGSTEN WIRE LINSULATOR 1- 3 mm

Fig. 5 These coil configurations were used to measure the changes in the
magnetic field across the shock. The quartz enclosed coils (top
design) were unsuccessful in measuring this change, because the
plasma which flowed outside the quartz, was shielded from the coil.
The other three diagrams show exposed coils; all of these cor-
rectly measured the magnetic field jumps across the shock. The
insulated single turn coil was covered with (three coats of ) formvar
enamel. The bare coils were in electrical contact with the plasma.
The results obtained with both the glass and steel mounting stings
were essentially the same. The diameter, D, of these coils ranged
from . 4 mm to 7 mm; the diameter of the steel tubing for the bottom
configurations ranged from 1 to 3 mm.

-10-
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insulated coil went directly to an oscilloscope, while the bare coils were

inductively coupled to isolate the large plasma potential from the oscillo-

scope. An oscillogram obtained by using the directly-coupled insulated coil

is shown in Fig. 6. The oscillogram shows both the signal due to the time

derivative of the BE field in the coil (bottom trace) and the integrated signal

showing the compression of the Be field across the shock (top trace). The

coil frequency response was determined from 5 x 106 to 4 x 108 cycles per

second by using a calibrated sinusoidal magnetic field. The uniform field

region of a Helmholtz coil geometry was used and a known sinusoidal current

was passed through the Helmholtz coils. This calibration showed that the

coil response in free space was linear for frequencies up to 1. 2 x 108 cycles

per second.

The bare coils were used in order to decrease the ablation from the

coil surface arising from the intense plasma heat transfer. A series of

experiments have been performed which show that the ablation products

become ionized presumably in the boundary layer about the coil and elec-

trically shield the coil. In the extreme case where a 1 mm coil was enclosed

in a small glass tubing, Fig. 5, top drawing, there was no reproducible

magnetic flux signal at the time of shock passage. The tubing was larger than

the size of the loop, and could appreciably disturb the flow in the vicinity of

the coil. The signal improved as the disturbance of the plasma by the mag-

metic coil was made smaller. In fact, the best measurements were made

with a single turn of wire, either coated or bare, that extended into the plas-

ma, which should produce the smallest disturbance to the flow.

The change in the azimuthal component of magnetic field across the

shock, ABe) , was measured with the single turn flux coils. This was done

over a wide range of initial pressures at constant Alfven Mach number,

MA = 2. The results of these measurements are shown in Fig. 7. The

ratio of the measured to the calculated ABE appropriate for the measured

value of MA is plotted versus the initial pressure, p1 . The initial azi-

muthal bias field BE 1 was varied from 2500 to 4200 gauss, and the coil

diameters ranged from 1 mm to 3.5 mm. The data show that for p1 below
5 0 0 A (which corresponds to shock velocities in excess of 14 cm/p sec) the

-11-
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Fig. 6 An oscillogram showing the magnetic field variation with time.
An insulated, directly coupled flux coil was used. The top trace
is obtained by integrating the signal from the coil, and the bottom
trace is the coil signal. The initial pressure for this run was
40p and the shock velocity was 35 cm/p sec.
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measured change in the field across the shock agrees with the predicted

value assuming no leakage of magnetic flux ahead of the shock. For p1

above 5001, where the shock velocities were less than 14 cm/psec, the

measured A Be is less than the computed value. This shows that for these

high densities and lower shock speeds the plasma conductivity behind the

shock front is insufficient to prevent appreciable diffusion of the magnetic

field ahead of the shock.

The final equilibrium enthalpy behind the shock for values of p,

above 500p is insufficient to totally ionize the plasma. Furthermore, for

p, above 800p the calculated plasma conductivity behind the shock is low

enough to allow the magnetic field to diffuse from the interface to the shock

during the test time. The data show that for p1 below 5001A the plasma pro-

perties can be predicted by assuming that there is no leakage of the magnetic

field ahead of the shock.
14

Heat Transfer Measurements: A new type of heat transfer gauge

has been employed that is suitable for measurements on shock tubes and

other pulsed plasma devices. During recent years, the use of the resistance

gauge for measurements of heat transfer in chemical shock tubes has received

wide application. These gauges have sufficient time response and sensitivity,

but have limited use in plasma devices because of electrical shorting and

pickup. The resistance element comes in contact with the plasma and must

operate in regions of strong electromagnetic fields. The heat transfer gauge

that we have developed is highly suitable for studying plasma heat transfer,

since it is unaffected by strong electromagnetic fields. The basic idea of the

gauge is to use a thin opaque layer of carbon to which plasma heating is ap-

plied on one side, while the temperature of the other side is determined by

its infrared emission. The carbon layer is thin enough so that the tempera-

ture of the surface in contact with the plasma can be determined within a

fraction of a microsecond.

Figure 8 shows how this gauge is used in shock tubes for heat trans-

fer measurements. A portion of the shock tube wall is replaced with a

heat transfer gauge, which consists of a layer of carbon (1000A to 8000A

thickness) deposited on sapphire. Energy from the shock heated gas is trans-

ferred to the gauge. Changes in the infrared radiation from the back sur-

-14-
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Fig. 8 This is the infrared gauge arrangement for measurements of heat
transfer to the shock tube wall.

-15-

6625



face of the carbon are observed with a Westinghouse gold-doped germanium

detector. An f:2 Cassegrainian optical system using mirrors images the

gauge on the I. R. detector.

Two methods have been used to calibrate this infrared heat transfer

system. In the first method, the temperature of the gauge is fixed and its

infrared emission is measured with the same optical system and electronics

as is used for obtaining the experimental data on the MAST. Figure 9 shows

a calibration curve of the output signal in millivolts as a function of the gauge

temperature.

The second calibrating method, which is more direct, uses shock

heated air for a short calibrated heat pulse. The air heat transfer rates
15 1

have been measured by other methods, and the theory is well developed. 16

Figure 10 shows experimental data using an ordinary chemically driven shock

tube. The carbon gauge was placed in the end plate and was heated by the air

behind the reflected shock. The detector output is shown as a function of

time. Note that the gauge signal rises sharply and levels off. The effect of

the interaction between the driver gas and the reflected shock appears after

15 microseconds. The temperature of the end plate should jump to a constant

value for aerodynamic heat transfer; thus, the infrared emission should be

constant. The time for the infrared emission to reach a constant value is of

the order of -1 microsecond or longer depending upon the thickness of the

carbon layer. Thinner carbon layers (having less than microsecond rise

time) become transparent and the infrared radiation from the gas swamps

the emission from the carbon layer. In order to reduce the gauge response

time below - microsecond, the sapphire was coated with a double layer.

A thin layer of carbon was first evaporated on a highly polished sapphire

surface on which an opaque thin layer of aluminum was overcoated. The

aluminum is made thin enough so that the heat capacity of the carbon layer

is not affected.

For the experimental data shown in Fig. 10, the aerodynamic heating

rate is q(t) = Q//f , where Q is a constant and t is the time. Figure 11 shows

the theoretical time variation of the temperature of the back surface of the

carbon in terms of the thermal transit time T of the carbon layer, where

-16-
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Fig. 9 Calibration curve for the infrared heat transfer gauge. The output
of the system in volts is plotted as a function of the gauge tem-
perature in degrees fahrenheit. The gauge is maintained at a
constant temperature during the calibration. A small correction
was made which took into account the radiation from the sapphire.
For very short pulses, the temperature of the opaque carbon layer
changes during the heat pulse, but essentially all the sapphire
remains at room temperature.
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S1 -, sec -2 I-0-- 20 se c

P = I cm AIR P = I mm AIR

Ms= 13.4 Ms= 16.0

Fig. 10 These are heat transfer measurements on the end plate (reflected
shock conditions) of a chemically driven shock tube. The oscillo-
grams show the infrared gauge output versus time. M. is the inci-
dent normal shock Mach number and p, is the initial air pressure.
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T =X 2 /4K . e and K are the thickness and thermal diffusivity of the layer.

This theoretical curve is correlated to the voltage pulse shown in Fig. 10

with the use of the calibration curve shown' in Fig. 9.

Figure 12 shows a comparison of the experimental air data to theory.

The lines are the theory and the bars are the experimental points obtained

with the present heat transfer gauge. The theory is an extension of the

Fay-Riddell16 stagnation heat transfer by N. H. Kemp. 17 This comparison

of the I. R. gauge to the work of others using another method gives us con-

fidence in its application for pulsed experiments.

The heat transfer measurements obtained in the MAST are shown in

Fig. 13. The carbon was placed flush with the inside wall of the outer tubing.

Data for two consecutive runs are shown. The circuit rise time was approxi-

mately 0. 3 microsecond and the aluminum plus carbon coated gauge had

0. 1 microsecond rise time. The peak signal corresponds to a temperature

change of 90 0 F. Note that the heating stops after about microsecond

corresponding to the time of passage of the shock heated gas. The expected

temperature variation with time is shown by the dash curve in Fig. 11.

The gauge temperature rise is plotted as a function of the shock

velocity in Fig. 14. It should be noted that for shock velocities above

20 cm/microsecond, the shock heated gas is in the collision-free regime.

Based on these temperature rises, the thermal boundary layer thickness can

be computed. This is the equivalent thickness of free stream gas that has

the energy equal to that deposited on the wall. This thickness decreases

from 2 mm to 1 mm with increasing shock velocity. The free stream gas

energy consists of the gas enthalpy and directed kinetic energy (in laboratory

coordinates). If the magnetic energy density were included in the free stream

energy density, then the thermal boundary layer thickness would be reduced

by a factor of 3.

The measured thickness may be an upper limit to the actual boundary

layer thickness, since a 6 mm diameter non-conducting gauge was used for

the measurements. The magnetic lines can leak into this electrical hole

causing additional plasma to flow to the surface. Ablation of material from

the shock tube wall might also affect the heat transfer measurements by

shielding the plasma from the gauge. These measurements are preliminary

-20-
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Fig. 12 This is a comparison of experimental measurements of the heat
transfer from air to the theory of Fay and Riddell. The measured
temperature rise is plotted as a function of the shock Mach num-
ber. Measurements were obtained for initial air pressure of 1 cm
and 1 mm.
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TIME - -

END OF GAS SLUG

SHOCK PASSAGE - s

Fig. 13 These are heat transfer measurements on the MAST side wall.
Oscillograms showing the infrared gauge output versus time for
two consecutive runs. P, = 10 0 p H2 ; Us = 13 cm/p sec; circuit
rise time 0. 3psec. The shock arrival time and the end of the
heating pulse is indicated.
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Fig. 14 The top graph presents the experimental results of the gauge tem-
perature rise as a function of the shock velocity. The bottom
graph gives the side wall thermal boundary layer thickness after
0. 5u sec computed from the gauge temperature rise measurements.
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and the effects of holes in the container and wall ablation will be investigated

further. It should be noted that the thermal boundary layer thickness is

considerably smaller than the annulus spacing of 22 mm that contains the

plasma.

Test Time: The test time is the time required for the shock heated

plasma to pass over a fixed axial station in the MAST. The length of the

plasma that has been shock heated can be obtained from both the radiation

measurements, Figs. 3 and 16, and the side wall heat transfer measurements,

Fig. 13. This is taken to be the region for which the radiation is constant

behind the shock. Test times of 0. 4 to 0. 6 p sec have been obtained with the

15 cm diameter MAST which has a 2t 2 cm annulus spacing. Longer test

times with the 30 cm diameter MAST have been obtained, which are pro-

portional to the distance the shock has traveled from the electrodes. The

test times obtained using the 30 cm MAST have been as long as 2A sec when

the quarter cycle time for the drive field is 6p sec. The length of the uniform

plasma in both devices is considerably longer than the shock thickness (up to

50 times using the 30 cm MAST). This indicated that the conditions behind

the shock can be measured and that these plasma properties can be distin-

guished from those in the shock wave.

Estimation of Electron Temperature: The electron temperature for

initial pressures less than 200p was estimated with two methods. The first

was obtained from the U. V. radiation results, and the second from the meas-

urements of the ratio of hydrogen line intensity to the nearby continuum.

An estimation of the electron temperature was obtained with meas-

urements of the U. V. radiation from about 300A to 1200A with a tungsten

photoelectric detector, see Fig. 15. The known photoelectric conversion

efficiency for tungsten 1 0 was used to calibrate the equipment. Some typical

oscillograms using this detector are shown in Fig. 16. The circuit rise time

for these measurements was less than 0. 01 microsecond. The variation of

the tungsten gauge output with plasma temperature was obtained by folding

the gauge response curve into the plasma radiation intensity. The shock

velocity and the Rankine-Hugoniot equations were used to get the electron

density behind the shock. This average intensity indicated that the electron
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Fig. 15 This is a schematic view of the tungsten U-V detector. The slits
determine the optical path; the screen is used to furnish a uniform
potential over the tungsten surface.
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Fig. 16 These are three oscillograms obtained with the tungsten U-V de-
tectors. The voltage is proportional to the radiation for wave-
lengths between 300A and 1200A.
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temperature was greater than 10 volts. This result verifies the use of

bremsstrahlung to measure the plasma density in the visible range.

In addition, the temperature of the electrons can be measured by

using the ratio of the H (6563A) and H (4861A) line intensities to the
a 18

nearby continuum, following a method outlined by Griem. If the hydrogen

plasma is sufficiently dense so that the time between collisions of electrons

and excited atoms is shorter than the de-excitation time 1 9 for the excited

state, then the line radiation intensity is proportional to the number of atoms

in a particular state. The number of atoms in an excited state is proportional

to the square of the electron density and so is the continuum intensity. The

ratio of the total line intensity and the nearby continuum intensity is therefore,

only a function of temperature, except for the correction in the ionization

potential. For values of electron temperature, T approximately equal to
16 3 e10 ev, and with electron density, N = 10 /cm , this correction due to thee

decreased ionization potential is very small and the ratio of the total H a

and H P line intensities to the nearby continuum is inversely proportional to

T
e

If the shock heated plasma was uniform across the annulus, the

method could be used to obtain a close estimate of T e . The plasma is
bounded by two walls and the hydrogen plasma in contact with either wall

will be cooler than the interior; hence, the line radiation from these cool

boundary layers will be much more intense compared to the continuum than

that coming from the plasma in the interior where T e is high.

Therefore, the results of these measurements obtained with the

MAST can be interpreted as lower limits to the value of T e . These meas-

urements were made with two photomultipliers, a half silvered mirror,

and several interference filters. Two of these filters had their maximum

transmission on the H and H lines. The other filters were used to simul-a

taneously measure the continuum between 4400A and 6300A. The bandwidth

of the filters ranged between 50A and 100A. These measurements were

made with plasma conditions in the MAST such that the initial pressure

ranged from 401A to 100t of H 2 P the shock velocity from 25 to 50 cm/p sec,

and the Alfven Mach number from 1.8 to 2. 8. Both the ratios of H anda

H line intensities to the continuum gave values of Te approximately equal
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to 10 volts. Since small boundary layers with low electron temperatures

can effectively reduce the measured T e with this method, these results

cannot be interpreted as a good measure of the shock heated plasma elec-

tron temperature, but these results can establish a lower bound of 10 volts

to Te which further confirms the use of bremsstrahlung to measure N e

behind the shock.

Fine Structure Magnetic Field Measurements: Most of the theoretical

description2 of the collision-free shock structure predict the existence of a

fine structure to the magnetic field inside the shock. We are attempting to

observe the fine structure experimentally. The removal of the quartz en-

velope around the coil resulted in the successful measurement of the mag-

metic field jump across the shock. Following this, it was felt that an even

smaller disturbance to the plasma would result, if the insulating layer were

removed from the exposed single turn coils.

We have used the inductively coupled bare coils to attempt to meas-

ure high frequency (in the range from 10 to 100 megacycles) oscillations of

the magnetic field in the shock front. The heat transfer to a surface in the

shock heated plasma is of the order of 2 x 106 watts/cm 2 . The non-conduct-

ing material which covers the insulated-directly coupled coil can be ablated
-1

during the time required for the shock to propagate past the coil (10 1 Asec).

This ablated material can form a conducting layer of dense cold plasma

around the coil and shield the coil from high frequency changes in the mag-

netic field. A surface such as copper or tungsten will conduct the heat away

from the surface faster than a material such as formvar enamel which was

used to cover the insulated coils. An oscillogram which was obtained with

a bare coil is shown in Fig. 17. There is a greater indication of high fre-

quency fluctuations of the magnetic field on this picture, compared to the

trace obtained with the insulated coil. This bare coil was constructed as

shown in Fig. 5 with a glass sting, and with a coil diameter of 1.5 mm.

Bare coils with metal stings were also used (Fig. 5), but there was no

detectable change in the signal with this type of sting. If the signal from

the bare coil on Fig. 17 were to be interpreted as giving actual fluctuations

of the magnetic field in the plasma, the fluctuating field would be of the order

of 3% of the average field. This 3% fluctuation would be an order of mag-
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Fig. 17 These two oscillograms were obtained with exposed coils and show
the time derivative of the azimuthal magnetic field in the shock.
The top trace was obtained with an insulated directly coupled coil,
and shows a relatively smooth variation in 4B/dt across the shock.
The bottom trace was obtained with a small bare inductively cou-
pled coil and shows a noisy variation in dB/dt in the shock.
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nitude too small to affect the flow.

Larger diameter (3 to 7 mm), bare coils were also tried, and a

typical signal from the large coil is shown in Fig. 18. The integrated signal

from this coil (area under the dB/dt trace) gives the correct change in B e

across the shock. The sudden increase in dB/dt followed by the slow decay

indicates that there is some non-linear phenomenon associated with the coil

signal. A possible explanation of this signal could be that the coil was

shielded from the change in the magnetic field across the shock either by a

cloud of ablated material from the coil or by an arc between the two leads

of the coil where the coil is connected to the sting. The sudden increase in

dB/dt then could correspond to a rupture in the shielding due to the cloud

or a break in the arc which allows the compressed field to enter the coil.

Furthermore, it must be pointed out that the high frequency oscillations

present on the coil signal in Fig. 17 could be due to a series of such effects

and not due to a high frequency oscillation in the magnetic field in the shock.

Bare inductively coupled coils did show some indication of a fine

structure to the magnetic field in the shock, but at the present time, the

interpretation of the high frequency signals from these coils is uncertain.

Summar of Plasma Properties to Show Existence of Shock

It has been previously shown4 that the shock velocity obtained in a

MAST is in agreement with that predicted by using the conservation of mass

and momentum equations, the known drive field intensity and the initial

conditions ahead of the shock. The measurements of both the plasma radi-

ation, Fig. 4 and the magnetic field, Fig. 7 behind the shock verified the

use of the shock mass and momentum equations with infinite electrical con-

ductivity. The measured wall heat transfer, Fig. 14, indicates that during

the test time the plasma energy is not lost to the walls. Finally, both the

radiation and heat transfer measurements can be used to measure the length

of the shock heated plasma region, and this region is long compared to the

width of the shock. Therefore, one concludes that very high speed shock

waves have been produced, and for low initial pressures (p1 - 501), the

energy (thermal and directed) of the shock heated gas is of the order of 10

ev per particle.
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dB
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Fig. 18 The oscillogram was obtained with a large (diameter 6 mm) induc-
tively coupled bare coil. The signal shows a rapid rise in dB/dt
just after the arrival of the shock followed by smooth decay. This
signal is typical of those obtained with large bare coils.
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Exerimental Collision-Free Shock Thickness

Variation of Shock Thickness with MA : The Alfven Mach number,

MAs of a magnetically driven shock is a function of the ratio of the total

azimuthal magnetic field behind the shock to the field ahead of the shock,
i.e., B0/B 1 . A range of values of MA was obtained by varying B 1 while

keeping constant the drive field and the gas density. The shock thickness

was obtained from the rise time of the plasma radiation (see Fig. 3). The

results of these experiments are shown in Fig. 19 where the measured ratio

of the shock thickness to the characteristic ion radius, r i , is plotted

against MA . r is the gyro-radius of a hydrogen ion moving with the Alfven

velocity for conditions ahead of the shock. Note that r. is only a function of1

the initial density. The data were obtained for initial hydrogen gas pres-

sure p1 ranging from 70 to 90 p Hg, and for shock velocities in excess of

30 cm/p sec. The ion mean free path, X, behind the shock was computed as

follows: X = I/NiQi , where N. = Ne = the measured electron number density

behind the shock, and Q. is the Coulomb cross-section for 900 deflections1

assuming the particles have the equilibrium plasma temperature behind the

shock. The equilibrium temperature is obtained by using the energy equa-

tion across the shock 5 and the measured shock speeds. Also shown in
2

Fig. 19 is the theoretical estimation of the collisionless shock thickness

versus MA . This calculation gives results which are valid within the ap-

proximation of the theory for MA ' 3.

The ratio of axial to azimuthal magnetic field ahead of the shock for

the experiments was equal to 0. 365, corresponding to an angle, a, between

the plane of the shock front and the magnetic field ahead of the shock of 200.

Experiments have been carried out where a was varied from 100 to 350,

over the same range of MA as shown on Fig. 19. The measured shock

thickness was observed to be independent of a within the experimental

scatter.

Variation of Shock Thickness with Density: The variattion of the

shock thickness with density is shown in Fig. 20. The Alfven Mach number,

MA , was held constant while the initial pressure, p, , was varied. Since

MA is a function of B 0 /B 1 and the density ratio across the shock is a function
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Fig. 19 The experimental shock thickness was obtained by measuring the
rise time of the radiation across the shock. This data is shown
by the circles. The initial pressure was between 70p and 9 0M,
the Alfven Mach number was changed by varying the initial bias
field intensity. The characteristic ion Larmor radius, r 1 = 0. 3 cm
for these experiments.
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Fig. 20 This is a plot of the measured shock thickness versus the initial
pressure in hydrogen. The data was obtained by measuring the
rise time of the radiation across the shock (solid circles) and the
rise time of the magnetic field compression across the shock
measured with the flux -coils (hollow circles).

-34-

66ZZ



of MA, a change in p, changes the plasma density, temperature behind the

shock, shock velocity, and the characteristic ion radius. The solid points

on this graph were obtained using the rise time of the radiation emitted by

the shock heated plasma, see Fig. 3. The hollow circles denote the results

obtained using the single turn flux coils, which measured the rise time of

B across the shock, see Fig. 6. The characteristic ion radius is shown

along with a theoretical estimate of the shock thickness. The theoretical

shock thickness for large mean free paths is equal to 10 r i for MA = 2 .

Also shown is the ion collision mean free path, X, based on the same con-

ditions as shown in Fig. 19. For pressure below 150p Hg, X is very nearly

proportional to p1  . This can be shown as follows: U S = kl B 0/Pl and

T = kU s  where U s is the shock velocity, T2 is the equilibrium tempera-

ture behind the shock, and k and k 2 are functions of the Alfven Mach
5 -z

number. Since the Coulomb cross-section is proportional to T 2  , the mean
-3

free path varies as p1  . For p1 above 150p Hg, the energy invested in

ionizing the hydrogen is not negligible and T2 decreases more rapidly with

increasing p1 . Hence, for large values of the initial pressure, X decreases

more rapidly with increasing p1 .

The measured shock thickness can be predicted using the theory

described in Refs. 1, 2 and 3 up to a value of p1 where the calculated X

becomes comparable to r. . At higher values of p1 the plasma waves which

give rise to the collsionless dissipation mechanism are damped due to

particle collisions. For values of p1 greater than 300,u the shock thickness

decreases more rapidly with increasing p1 , indicating that collisional pro-

cesses begin to dominate the shock structure.

CONCLUDIING REMARKS

1. A magnetic annular shock tube, MAST, has been developed to the

point where it produces shocks with speeds ranging up to 50 cm/,isec. The

shock waves produced are identified in the following ways:

(a) The light intensity behind the shock front

agrees with the predicted density behind

the shock.
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(b) The measured shock velocity agrees with

the measured magnetic drive field as is

required by conservation of momentum.

(c) The magnetic field compression across

the shock wave has been measured and for

all cases where the expected gas tempera-

ture behind the shock is high enough so that

constancy of Be /p is expected, this con-

stancy is observed. For lower shock ve-

locities where lower temperatures are

reached behind the shock, smaller field

rises are obtained as expected.

2. A preliminary indication has been obtained that only a small

fraction of the plasma energy (about 10%) is lost to the walls. At the higher

shock velocities (above 26 cm/p sec) the kinetic energy of the incoming

atoms (or ions) is large enough so that the mean free paths for momentum

exchange by particle collision are larger than the apparatus dimensions and

the ion cyclotron radius. The existence of a shock wave under these condi-

tions is evidence that processes other than a collisional shock are respon-

sible; i. e. , that a collision-free shock has been produced experimentally.

3. The thickness of the collision-free shock waves has been meas-

ured by the rise time of the light emission in the visible and ultraviolet and

by the rise time in magnetic field as measured with search coils. These

thicknesses are all in agreement and the dependence of this thickness on

initial density and Alfven Mach number has been measured. These meas-

ured shock thicknesses are smaller than the channel dimensions for small

Alfven Mach numbers and larger than the channel dimensions for larger

Alfven Mach numbers. Further, the hot plasma created by these shock

waves is observed to persist for times large (up to 50 times) compared to

the time of passage through the shock. These measurements are in agree-

ment with a published theory 1 ,2, 3 when the characteristic ion cyclotron

radius is smaller than the mean free path in the shocked plasma.
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